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Fig. 3.1 Microobject and depth of field
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Fig. 3.8 Derivation of approximate equation
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Table 3.1 Micro scope spec
Computer
CPU Core i7(3.6 GHz)
Memory Size 4.0 GByte
OS Windows 8.1 64bit
Microscope
Magnification ratio 1400
Field of View [µm] 246 × 260
Depth of Field [µm] 12




Size [pixel] 800 × 600





























m 5 m 1 m 0.2 m
3.12
40µm
40µm 4 1 10µm
50µm 50


























































































































































































































10µm No.5 No.6 No.9
No10 3µm
10µm
No.5 No.6 No.9 No10
3µm -1µm
-4µm 2 2















Table 3.3 Result of GB301S
Error( Depth estimation formula of GB301S) [µm]
Data No.1 No.2 No.3 No.4 No.5
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 -0.18 1.61 0.99 1.84 1.26 2.06 2.08 2.10 4.18 2.70
No.2 -1.21 1.05 -0.12 1.03 0.18 1.25 1.03 1.32 3.18 2.25
No.3 -1.61 1.69 -0.52 1.56 -0.20 1.46 0.68 1.63 2.91 2.86
No.4 -2.52 1.24 -1.41 1.15 -1.12 1.12 -0.23 1.21 2.05 2.36
No.5 -4.61 1.92 -3.49 2.00 -3.30 2.40 -2.43 2.08 -0.11 1.24
No.6 -5.70 2.03 -4.62 2.01 -4.33 2.48 -3.46 2.14 -1.23 0.93
No.7 0.58 2.00 1.69 2.13 2.09 2.29 2.90 2.50 4.86 3.42
No.8 -0.99 1.55 0.05 1.58 0.32 1.81 1.16 1.76 3.34 2.27
No.9 -4.91 2.20 -3.90 2.03 -3.65 2.27 -2.76 1.88 -0.43 1.10
No.10 -3.65 1.67 -2.50 1.57 -2.25 1.97 -1.39 1.73 0.81 1.42
Data No.6 No.7 No.8 No.9 No.10
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 5.50 3.28 -0.69 2.11 0.78 1.75 4.91 2.82 3.33 2.42
No.2 4.30 2.64 -2.00 1.30 -0.24 1.12 3.84 2.25 2.21 1.78
No.3 3.99 3.20 -2.52 1.62 -0.60 1.74 3.56 2.76 1.88 2.41
No.4 3.21 2.81 -3.36 1.52 -1.51 1.25 2.72 2.29 1.04 1.97
No.5 1.21 1.78 -5.26 2.82 -3.65 1.75 0.57 1.40 -1.03 1.38
No.6 -0.13 0.78 -6.57 2.65 -4.71 1.83 -0.58 1.02 -2.24 0.98
No.7 5.89 3.68 -0.22 1.65 1.56 2.24 5.54 3.45 3.91 2.93
No.8 4.41 2.64 -1.82 1.92 -0.03 1.53 3.96 2.30 2.36 1.92
No.9 0.62 1.27 -5.88 2.89 -3.93 1.89 0.16 1.00 -1.48 1.22
No.10 2.09 1.70 -4.27 2.19 -2.68 1.53 1.51 1.43 -0.10 1.16
40
33.2























No.2 No.3 10µm GB301S
No.5 No.6 No.9 No10
GB301S No.5 No.6 No.9 No10
2
No.5 No.6 No.9 No10
No.5 No.6 No.9 No10
42
33.2
Table 3.4 Result of walnut
Error( Depth estimation formula of walnut) [µm]
Data No.1 No.2 No.3 No.4 No.5
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 -0.11 1.37 1.98 1.69 2.15 1.72 -1.82 1.79 -0.50 1.71
No.2 -2.36 1.08 -0.18 1.21 0.02 1.25 -4.17 1.69 -2.84 1.55
No.3 -2.49 1.17 -0.31 1.14 -0.11 1.15 -4.29 1.89 -2.99 1.72
No.4 1.36 1.90 3.69 2.41 3.94 2.51 -0.19 1.29 0.98 1.64
No.5 0.25 1.50 2.71 2.00 3.01 2.21 -1.26 1.19 -0.16 1.01
No.6 -0.21 1.60 2.29 1.82 2.59 1.92 -1.62 0.91 -0.52 1.35
No.7 -1.73 2.52 1.73 1.65 2.251 2.01 -2.10 1.44 -1.37 1.40
No.8 0.58 3.82 4.17 2.18 4.70 2.58 0.39 1.54 1.11 1.28
No.9 -1.52 1.41 0.73 1.66 0.96 1.75 -3.29 1.37 -2.01 1.37
No.10 -0.48 2.01 2.53 2.60 2.96 2.95 -1.44 2.10 -0.55 1.62
Data No.6 No.7 No.8 No.9 No.10
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 -0.51 1.52 0.28 1.43 -1.67 1.97 1.13 1.62 0.01 1.75
No.2 -2.78 1.32 -1.94 1.11 -4.07 1.90 -1.10 1.26 -2.35 1.56
No.3 -2.91 1.45 -2.07 1.17 -4.21 2.11 -1.24 1.29 -2.50 1.72
No.4 1.18 1.59 1.94 1.89 -0.21 1.45 2.83 2.02 1.40 1.86
No.5 0.15 1.38 0.92 1.57 -1.36 0.96 1.83 1.64 0.24 1.13
No.6 -0.23 1.06 0.51 1.32 -1.71 1.28 1.46 1.49 -0.13 1.64
No.7 -0.66 1.47 -0.22 1.16 -2.48 1.48 1.21 2.03 -1.14 1.70
No.8 1.82 1.77 2.20 1.83 0.02 1.18 3.72 2.46 1.33 1.54
No.9 -1.88 1.28 -1.05 1.37 -3.25 1.52 -0.19 1.41 -1.54 1.46
No.10 0.02 2.31 0.64 2.20 -1.73 1.59 1.80 2.60 -0.25 1.59
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Table 3.5 Result of GB301S for walnut
Error( Depth estimation formula of GB301S) [µm]
Walnut Data No.1 No.2 No.3 No.4 No.5
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 -4.22 1.87 -2.89 1.94 -2.65 2.31 -1.78 2.01 0.33 1.50
No.2 -6.61 1.91 -5.23 2.06 -5.03 2.39 -4.13 2.06 -1.90 1.15
No.3 -6.73 2.23 -5.09 2.53 -4.92 2.79 -4.03 2.39 -2.02 1.21
No.4 -2.43 1.78 -1.16 1.28 -0.95 1.16 -0.10 1.06 2.03 2.10
No.5 -3.56 2.06 -2.35 1.69 -2.23 1.54 -1.39 1.17 0.87 1.54
No.6 -3.77 1.93 -2.27 1.38 -2.10 1.38 -1.27 0.98 0.92 1.30
No.7 -3.44 2.52 -2.39 1.97 -2.40 2.10 -1.69 1.57 0.34 0.74
No.8 -1.95 1.63 -0.94 1.16 -0.97 1.17 -0.26 0.83 1.95 1.67
No.9 -5.77 2.02 -3.98 2.04 -3.96 2.01 -2.93 1.79 -1.04 1.60
No.10 -2.91 2.26 -2.13 1.79 -2.14 1.74 -1.37 1.24 0.88 1.17
Data No.6 No.7 No.8 No.9 No.10
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 1.67 1.87 -4.79 2.65 -2.94 1.72 1.06 1.53 -0.49 1.41
No.2 -0.40 1.58 -6.94 3.18 -5.37 1.90 -1.05 1.21 -2.67 1.26
No.3 -0.48 1.27 -6.98 3.43 -5.13 2.37 -1.03 1.12 -2.78 1.31
No.4 3.26 2.55 -2.97 2.16 -1.25 1.47 2.74 2.02 1.18 1.71
No.5 2.13 2.25 -4.05 2.89 -2.43 1.70 1.51 1.52 0.05 1.52
No.6 2.07 1.79 -3.92 2.63 -2.33 1.52 1.53 1.22 0.02 1.11
No.7 1.45 1.43 -3.55 3.29 -2.18 2.02 0.83 0.80 -0.34 0.60
No.8 3.06 2.73 -2.33 2.43 -0.88 1.08 2.42 1.99 1.26 1.49
No.9 0.63 1.78 -5.83 3.00 -4.05 1.99 -0.04 1.16 -1.81 1.59































































Table 3.6 Result of GB301S in water
Error( Depth estimation formula of GB301S) [µm]
Data No.1 No.2 No.3 No.4 No.5
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 -0.07 0.87 -2.31 1.18 -6.17 2.47 -5.77 2.63 -7.33 3.49
No.2 1.95 1.78 -0.19 1.23 -3.81 1.92 -3.41 1.89 -4.78 2.70
No.3 5.62 3.09 3.56 2.26 -0.14 1.35 0.30 1.52 -1.17 1.80
No.4 5.35 3.11 3.26 2.24 -0.50 1.43 -0.07 1.32 -1.47 1.55
No.5 6.70 3.48 4.64 2.60 0.98 1.86 1.37 1.68 0.08 1.54
No.6 2.51 2.34 0.41 1.69 -3.39 1.80 -2.91 1.67 -4.02 1.79
No.7 -1.43 1.94 -3.66 2.52 -7.49 3.58 -7.23 3.89 -8.76 4.24
No.8 0.23 1.33 -1.93 1.36 -5.76 2.65 -5.36 2.58 -6.34 3.13
No.9 -0.56 1.63 -3.02 1.70 -5.90 3.61 -5.66 3.38 -6.90 4.25
No.10 -0.13 1.63 -2.46 1.53 -5.43 3.34 -5.15 3.14 -6.41 4.11
Data No.6 No.7 No.8 No.9 No.10
No. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
No.1 -2.79 2.23 0.80 2.33 -0.47 0.88 0.38 0.97 -0.13 0.89
No.2 -0.52 1.81 2.95 3.12 1.63 1.74 2.40 1.94 1.93 1.83
No.3 2.79 2.53 6.71 3.99 5.19 3.00 6.12 3.28 5.53 3.14
No.4 2.77 1.62 6.57 4.16 4.92 3.07 5.88 3.30 5.26 3.20
No.5 3.82 2.11 8.01 4.47 6.28 3.44 7.22 3.66 6.62 3.58
No.6 -0.09 1.34 4.02 3.52 2.03 2.31 3.08 2.51 2.38 2.43
No.7 -4.72 3.75 -0.10 1.45 -1.82 1.97 -0.91 1.83 -1.46 1.90
No.8 -2.59 1.93 1.49 2.66 -0.26 1.90 0.76 1.43 -0.31 2.25
No.9 -2.56 2.16 1.15 2.41 -1.15 1.83 -0.38 1.85 -0.95 1.83
No.10 -2.02 1.91 1.50 2.58 -0.44 1.90 0.12 1.75 -0.34 1.70
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RANSAC(RANdom SAmple Consensus) [53]





LTS(Least Trimmed Squares) [55]
LTS












2 + c1r (3.19)
cn c3 c1
c2 3.19





PBW ∆z(r) z 3.7 EBW
Table 3.7 Blur-data
EBW(µm) PBW(µm) r(µm) z(µm)
12.35 0.65 0.84 83
12.48 0.65 0.86 81
11.79 0.65 0.80 79
12.46 0.65 0.85 77





3.19 3.20 c1 = 216.41 c2 = −249.67
c3 = 124.75 c1 = −38.78 c2 = 19.38 c3 = 62.79












































3.8 LS LTS5 5
LTS10 10 Success to Failure





Table 3.8 Experimental results
LS( ) LMedS( ) LTS5( ) LTS10( )
Success 13 13 7 7
Failure 10 10 16 16
Success to Failure - 0 6 6
Failure to Success - 0 0 1












Fig. 3.21 Error distribution of success





























3.20 Lo D f
bmax 3.19 c1 c2
c3 2 c1 c3 c2
r 3.19




























D xy x y µx µy x y









3.21 3.22 x r y ∆z(r)
r 0 ∼ 1 100 ∆z(r) 0





















































































































































































































4.2 4.3 (a) (b)
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Fig. 4.1 Relationship between depth of focus and blur
(a) Source image (b) Blur width







(a) Source image (b) Blur width
















Fig. 4.5 chromatic aberration forward
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R G B R G B
4.3.2




















( -60µm ∼ 0 µm)
( 0µm ∼ 60µm)
G>RB
R>GB 4.7
















-60µm∼0µm RG 1 20µm∼60µm RG
1
4.11 4.10 RG 1
-10µm∼40µm 4.11 95%
4.3.7
(1) R G B
R G B
R G B
1 R G B
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Fig. 4.10 RG ratio






























Rv/Bv ≤ 1 B R∑














Fig. 4.12 Chromatic Aberration












Fig. 4.14 Distinction out of Focus
(a) Red Image (b) Green Image (c) Blue Image
Fig. 4.15 Processed Images on Focus
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(a) Red Image (b) Green Image (c) Blue Image















Rm − cy (5.1)
(rx, ry, rz) 3 (lx, ly, lz)
3 (cx, cy, cz)
θ
rz lz cz
( 5.18(1)) rz lz
( 5.18(2))






















Fig. 5.2 Geometric max position between a micro object and a end-effector
5.2 θ
Rm Re
Rm Re n = Re/Rm θ








100µm n = 0.1
θ 55 10µm 40µm













Ns = As +Ae sin θ +Mg (5.4)
M g






f(θ) = µs sin θ +
µs√
Γ
− cos θ > 0 (5.6)












2 van der Waals (van der Waals
) (Israelachvili, 2011)





A Hamaker D - R2 =∞
van der Waals
Ae As
As ≥ Ae (5.9)
(5.6) Γ = 1 As = Ae µs =1 0.7 0.5 0.3
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Fig. 5.7 Micro Manipulation System
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Table 5.1 Micro manipulation spec
Computer
CPU Core i7(3.6 GHz)
Memory Size 4.0 GByte
OS Windows 8.1 64bit
Microscope
Magnification ratio 1400
Field of view [µm] 260
Depth of field [µm] 12
Input Image
Size [pixel] 800 × 600
Pixel size [µm/Pixel] 0.325
End Effector
Diameter of point [µm] 5
Micro Manipulator and Stage
Resolution [µm] 1
Movement speed [µm/s] 100
Table 5.2 Success Rate of Pickup and Release Glass beads
θ [deg] Pickup Release
20 85% (17/20) 82.4% (14/17)
30 95% (19/20) 89.5% (17/19)












































30 40 5.5 III
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(a) Position of release glass beads
(b) Histogram of release glass beads
Fig. 5.9 Position and histogram of release glass beads
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(a) Pre-pickup a glass bead at 20deg (b) Pickup a glass bead at 20deg
(c) Pre-pickup a glass bead at 30deg (d) Pickup a glass bead at 30deg
(e) Pre-pickup a glass bead at 40deg (f) Pickup a glass bead at 40deg
Fig. 5.10 Pickup a glass bead at each angle
(a) Not release a glass bead at
20deg
(b) Not release a glass bead at
30deg
(c) Not release a glass bead at
40deg
































Table 5.3 Success rate of pickup and release pollens
θ [deg] Pickup Release
20 70% (14/20) 57.1% (8/14)
30 95% (19/20) 78.9% (15/19)
40 100% (20/20) 70% (14/20)
























dy = R− cy (5.11)
dz = cz (5.12)
θ (rx, ry, rz)




Ae As Fb 5.19
( 5.19(7)-(8)) Fs
Fd FR FR 5.19 Stokes
FR = Fs + Fd (5.13)
= µs(As +Ae sin θ +Mg − Fb) + 6πηRV (5.14)
M g µs η
V
Ae cos θ < FR (5.15)





(a) Position of release pollens
(b) Histogram of release pollens
Fig. 5.13 Position and histogram of release pollens
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(a) Pre-pickup a pollen at 20deg (b) pickup a pollen at 20deg
(c) Pre-pickup a pollen at 30deg (d) Pickup a pollen at 30deg
Fig. 5.14 Pickup pollens at 20deg and 30deg
(a) Not release a pollen at 20deg (b) Not release a pollen at 30deg (c) Not release a pollen at 40deg
Fig. 5.15 Not release pollens at each angle
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(b) Result of Place













































Table 5.4 Results of Pickup and Release
Pickup Release
condition1 80% (16/20) 93.8% (15/16)
condition2 90% (18/20) 83.3% (15/18)









2 26 55 θ 40deg
5.3.3

















(a) Position of Release
(b) Histogram of Release

























(a) Before (b) After
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